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Asymptotic correction of the exchange–correlation kernel
of time-dependent density functional theory for long-range
charge-transfer excitations
Oleg Gritsenko and Evert Jan Baerends
Theoretische Chemie, Vrije Universiteit, De Boelelaan 1083, 1081 HV Amsterdam, The Netherlands
~Received 22 December 2003; accepted 15 April 2004!
Time-dependent density functional theory~TDDFT! calculations of charge-transfer excitation
energiesvCT are significantly in error when the adiabatic local density approximation~ALDA ! is
employed for the exchange–correlation kernelf xc . We relate the error to the physical meaning of
the orbital energy of the Kohn–Sham lowest unoccupied molecular orbital~LUMO!. The LUMO
orbital energy in Kohn–Sham DFT—in contrast to the Hartree–Fock model—approximates an
excited electron, which is correct for excitations in compact molecules. In CT transitions the energy
of the LUMO of the acceptor molecule should instead describe an added electron, i.e., approximate
the electron affinity. To obtain a contribution that compensates for the difference, a specific
divergence off xc is required in rigorous TDDFT, and a suitable asymptotically correct form of the
kernel f xc
asympis proposed. The importance of the asymptotic correction off xc is demonstrated with
the calculation ofvCT(R) for the prototype diatomic system HeBe at various separations
R(He–Be). The TDDFT–ALDA curvevCT(R) roughly resembles the benchmarkab initio curve
vCT
CISD(R) of a configuration interaction calculation with single and double excitations in the region
R51 – 1.5 Å, where a sizable He–Be interaction exists, but exhibits the wrong behaviorvCT(R)
!vCT
CISD(R) at largeR. The TDDFT curve obtained withf xc
asymp however approachesvCT
CISD(R)
closely in the regionR53 – 10 Å. Then, the adequate rigorous TDDFT approach should interpolate
between the LDA/GGA ALDA xc kernel for excitations in compact systems andf xc
asympfor weakly
interacting fragments and suitable interpolation expressions are considered. ©2004 American
Institute of Physics.@DOI: 10.1063/1.1759320#
I. INTRODUCTION
One of the problems of time-dependent density func-
tional theory~TDDFT! remains the systematic underestima-
tion of excitation energiesvCT associated with molecular
long-range charge transfer~CT! between an electron donor
~D! and electron acceptor~A!.1–3 This erroneous behavior
stands in marked contrast to the success of TDDFT in calcu-
lations of excitations in compact molecules and of intrafrag-
mental excitations in larger systems. This success of TDDFT
is based on the efficient calculation of excitation energiesvk
as eigenvalues of the following eigenvalue problem:4
@E212E1/2KE1/2#Fk5vk2Fk . ~1!
In ~1! E is the diagonal matrix containing the orbital energy
differences
Eib, jc5~«b2« i !d i j dbc ~2!
of virtual KS orbitalsfb and occupied orbitalsf i , andK is
the so-called coupling matrix~we consider real orbitals and
singlet–singlet excitations!
Kib, jc5E dr1E dr2 f i~r1!fb~r1!
3F 2ur12r2u 1 f xc~r1 ,r2 ,v!Gf j~r2!fc~r2!. ~3!
The exchange–correlation~xc! kernel f xc is the functional
derivative ofExc with respect to the time-dependent ground
state densityr(r ,t),







whereExc@r# is the ground state xc energy functional and
nxc is the ground state xc potential. In systems where transi-
tions take place between orbitals in the same spatial region,
already the zero-order TDDFT, the orbital energy differences
~2! provide a fair estimate of excitation energiesvk and the
coupling terms in~1! often improve it further even with a
simple adiabatic local density approximation~ALDA ! for
f xc .
However, the ALDAf xc used routinely in TDDFT leads
to a systematic underestimation of the excitation energyvCT
of a CT transition between distant donorD and acceptorA
molecular fragments. This problem has been highlighted in
Refs. 1–3. In Ref. 2 a hybrid approach of TDDFT and the
configuration interaction singles~CIS! method5 has been em-
ployed for this problem, and in Ref. 3 the hybrid approach
has been applied to calculation ofvCT for realistic CT com-
plexes.
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In this paper it is shown that the problem of long-range
charge-transfer excitations can be resolved within a pure
DFT framework. In Sec. II this problem is related to a fun-
damental feature of Kohn–Sham~KS! theory, the essentially
positive differenceDA5«a
22«a between the energy«a
2 of
the highest occupied orbitalfa of the anionic acceptor frag-
ment A2, containing the ‘‘extra’’ electron, and the orbital
energy«a of the LUMO of the neutralA. A ‘‘frozen orbital’’
DFT estimate ofDA is considered. The differenceDA is
evaluated from accurate molecular KS solutions for the small
prototype molecules CO, N2 , H2O, HF, HCl, HCN and it
appears to be rather large. In Sec. IIIDA is incorporated into
the TDDFT description of CT. This requires a specific diver-
gence of the exchange–correlation~xc! kernel f xc and of the
corresponding responsednxc of the xc potential. An asymp-
totically correct form f xc
asymp of the xc kernel is derived,
which provides the required correction tovCT calculated
with TDDFT. Conditions for switching onf xc
asymp are estab-
lished. In Sec. IV thevCT values obtained withf xc
asympfor CT
transitions 1s(He)→2pp(Be) in the prototype diatomic sys-
tem HeBe, for various He–Be separationsR(He–Be), are
compared with those calculated with the CI singles and
doubles~CISD! method as well as with the combination of
the approximation of statistical averaging of~model! orbital
potentials~SAOP!6 for nxc and the ALDA f xc . The CISD
yields a curve vCT(R) with a minimum at R
52.5 Ångstrom and increasing at largerR(He–Be) correctly
to the difference between the ionization energy of the donor
and the electron affinity of the acceptor. The TDDFT excita-
tion energyvCT calculated with the ALDAf xc decreases
with R, approaching rather rapidly a much too low asymp-
totical value~equal to the KS orbital energy difference«a
2«d between the LUMO of the acceptor and the HOMO of
the donor!. Contrary to this,f xc
asympreproduces the increase of
vCT with R in good agreement with the curve obtained with
CISD. In Sec. V the conclusions are drawn and the implica-
tions of the presented results for TDDFT are made.
II. ORIGIN OF THE LONG-RANGE CT PROBLEM
IN TDDFT
The long-range CT problem of TDDFT is related to a
fundamental feature of Kohn–Sham~KS! theory, the essen-
tially positive differenceDA5«a
22«a between the energy
«a
2 of the ‘‘extra’’ electron in the highest occupied orbitalfa
of the anionic acceptor fragmentA2 and the orbital energy
«a of the LUMO of the neutralA ~see Fig. 1!. The KS orbital
energies of the highest occupied orbitals are strictly equal to
vertical ionization potentials~VIP!, so for the donor«d
52I D, and for the acceptor«a2152I




52AA, whereAA is the electron af-
finity ~EA! of A. It is well known that on the other hand the
LUMO orbital energy of neutralA, «a , does not correspond
to the electron affinity. It is a basic feature of the KS solution
of an N electron system that all occupied orbitals (w i) and
virtual orbitals (wb) are obtained with the same local, state-
independent KS potentialns(r1), so that they all ‘‘feel’’ the
effective field ofN21 electrons. Because of this, the ener-
gies of the KS virtual orbitals represent an ‘‘excited’’ elec-
tron interacting withN21 electrons, rather than an ‘‘extra’’
electron interacting withN electrons. This is a large and im-
portant difference with Hartree–Fock, where the LUMO or-
bital energy represents approximately the energy of an added
electron~in the field of all otherN electrons!, and therefore is
physically more like an electron affinity than like an energy
of an excited electron. Kohn–Sham orbital energy differ-
ences are therefore much better approximations to vertical
excitation energies than Hartree–Fock orbital energy differ-
ences are, at least for excitations in compact molecules or for
intrafragmental excitations in larger systems.
On the other hand, with a weak donor~D!–acceptor~A!
interfragment interaction at the largeD –A separationR the
true CT excitation energyvCT becomes the difference be-
tween the vertical ionization potentialI D of the donor and




At large separationsR the difference (I D2AA) becomes the
dominant term of~5!. However, as was pointed out in Ref. 2,
at large separationsR the TDDFT calculations will give zero
contribution from the coupling matrix, because the transition
densityfd(r )fa(r ) becomes identically zero, i.e., the TD-
DFT calculation reduces to the zero-order result~2!, «a
2











Physically this means that when the excited electron is not
‘‘landing’’ in a virtual orbital on the same molecule~or frag-
ment! where also the hole is that it leaves behind, but on a
remote fragment, it is not correct that it goes into a level that
is essentially stabilized by the attraction to a hole («a), but it
should go to an affinity level («a
2). The quantityDA is just
the destabilization of thea level from A to A2, DA
FIG. 1. Schematic illustration of the positions of the exact Kohn–Sham
orbital energies in relation to the ionization energies and electron affinities
of the neutral donor~D! and acceptor~A! systems and of the negativeA2.
The magnitude of the gapD between LUMO energy and electron affinity
2A is indicated forD andA, as well as the equality of2AA and«a
2 .
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5^fa
2uT̂1ns(N11)ufa
2&2^fauT̂1ns(N)ufa&. Making the some-
what drastic approximationfa





where Ki j ,kl
Coul is the two-electron integral
*dr1*dr2f i(r1)f j (r1)fk(r2)f l(r2)/ur12r2u. We note that
DA is often called the derivative discontinuity. This origi-
nates from the analysis in Ref. 7 which showed that when we
want to use the single Kohn–Sham system with fractional
number of electronsN1d ~d electrons infa) to represent
the density of an ensemble of the exactN-electron and (N
11)-electron systems, the orbitalfa must have the orbital
energy«a
2 in order to reproduce the proper asymptotic decay
of the density. The KS potentialnxc of the constructed KS
system must therefore exhibit the shiftDA at thed50 point,
i.e., lim(d↓0)^faunxc(N1d)2nxc(N)ufa&5«a22«a5DA.
This result however does not enable us to obtain a physical
prescription to calculateDA, and it will not play a role in the
context of the present paper.
Table I presents for the small prototype molecules CO,
N2 , H2O, HF, HCl, HCN the valuesD1
A which are evaluated
using the electron affinitiesAA reported in Refs. 8 and 9 and
the LUMO energies«a of the rather accurate~‘‘exact’’ ! mo-
lecular KS solutions obtained in Ref. 10. The ‘‘exact’’ KS
solutions are obtained with KS potentials which are gener-
ated fromab initio ~CISD11,12! electron densitiesr with the
iterative local updating procedure of van Leeuwen and Baer-
ends~LB!13 ~see for the LB procedure also Ref. 14!. TheAA
values have been obtained theoretically in Refs. 8 and 9, and
are in fact negative for all of the small molecules considered
here, but they tend to decrease for larger basis sets used.9
Having in mind this tendency and anticipating that in the
considered molecules an extra electron should occupy a




For the systems considered, the evaluatedDA is rather
large in both variantsD1
A andD2
A , varying from 7.28 eV for
HCN to 9.58 eV for HF in the case ofD1
A and from 5.11 eV
for H2O to 6.77 eV for N2 in the case ofD2
A . According to
~6!, this will lead to a large underestimation of the excitation
energy«a2«d5vCT
TDDFT(0) with the zero-order TDDFT. And
the standard adiabatic approximations~either LDA or GGA!
for f xc do not lead to any correction from the full TDDFT
calculation including the coupling matrix~3!.2 The large un-
derestimation of the CT excitation energy is a result of the
lack of this coupling matrix contribution, not by any ‘‘defi-
ciency’’ of the KS orbital energies, whose physical meaning
is clear. It is not improved when GGA approximations to the
orbital energies are used, since both the HOMO orbital en-
ergy of systemD and the LUMO orbital energy of systemA
are shifted upwards compared to the exact Kohn–Sham val-
ues.~These upshifts have been estimated to be approximately
DD/2 and DA/2, respectively,15 but rather large deviations
from this estimate are known to occur occasionally.14! It will
also not be improved when we use a KS potential like SAOP,
which approximates the exact KS orbital energies more
closely.
III. AN ASYMPTOTICALLY CORRECT xc KERNEL
In the rigorous TDDFT which, in principle, should re-
produce true single electron excitation energies, the zero-
order error for CT excitation energies is to be fixed with the
second term in the left-hand side of~1! with the coupling
matrix ~3!. In order to get a simple TDDFT estimatevCT
TDDFT ,
we assume that theD→A CT is associated with a single
orbital excitationfd→fa from the highest occupied mo-
lecular orbital ~HOMO! fd localized onD to the lowest
unoccupied MO~LUMO! fa localized onA, so that one can
neglect the admixture in~1! of other single orbital excita-





3E dr1E dr2 fd~r1!fa~r1!
3F 2ur12r2u 1 f xc~r1 ,r2 ,v!Gfd~r2!fa~r2!. ~8!
As was pointed out in Ref. 2, for largeD –A separations
there will be practically zero differential overlap between
fd(r ) andfa(r ), i.e., the transition densityfd(r )fa(r ) will
be virtually identically zero. In this case the matrix element
Kda,da will vanish for the standard ALDA as well as for other
currently employed approximations forf xc . But this means,
that the calculated valuevCT
TDDFT is close to the zero-order
estimate,vCT
TDDFT'vCT
TDDFT(0)5«a2«d for the adiabatic LDA
and GGA approximations tof xc when the differential overlap
fd(r )fa(r ) becomes zero. Thus, TDDFT calculations with
the standard approximations will lead to the large underesti-
mation of the CT excitation energy mentioned in the preced-
ing section~see also the next section for a numerical ex-
ample!.
In order to reproduce the truevCT of ~6!, the rigorous
f xc should guarantee for the case of vanishing zero differen-
tial overlap fd(r )fa(r ) the positive finiteness of its ma-
trix element Kda,da
xc 5*dr1*dr2fd(r1)fa(r1) f xc(r1 ,r2 ,v)
fd(r2)fa(r2) as well as the positive finiteness of the matrix
element of the corresponding change of the xc potential
dnxc,da5Kda,da
xc dPda(v), wheredPda(v) is the change of
the density matrix associated with the CT. This requires the
divergence off xc(v) anddnxc(v), at least at the resonance
frequencyv5vCT.
TABLE I. The differenceDa ~in eV! between the energies of ‘‘extra’’ and
‘‘excited’’ electrons for the molecular Kohn–Sham solution,D1
A is estimated





Molecule CO N2 H2O HF HCl HCN
D1
A 8.36 8.98 8.05 9.58 8.66 7.28
D2
A 6.56 6.77 5.11 5.71 5.36 5.53
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The asymptotics~at largeR! of f xc , which is required to











3FDA2Kda,aaCoul 1 ~DA2Kdd,aaCoul !22~«a2«d! G . ~9!
The exponent in~9! with the empirical parameterK!1 guar-
antees, that in practical applications the asymptotics~9! will
be ‘‘switched on’’ only in the case of near-zero differential
overlap fd(r )fa(r ) considered above, in which case
Kda,da
Coul →0 and exp(2Kda,daCoul /K)2;1. With this, when in-
serted in~8!, f xc






As follows from the previous discussion,~10! repro-
duces the true excitation energy of~5!, with Kdd,aa
Coul in ~10!
being close to21/R at large R. The stabilization by the




Coul '21/R, and the switching function
exp(2Kda,da
Coul /K)2 in ~9! should take care of the smooth tran-
sition of the stabilization with respect to the affinity«a
2
5«a1D
A from on the one hand2DA ~i.e., to«a) for a local
excitation, by the hole on the same fragment, to on the other
hand 2Kdd,aa
Coul by the hole on the other fragment in a CT
transition. The latter becomes increasingly less significant
with increasingR. In particular, the asymptotics~9! should
be switched on in the region where the hole–particle inter-
action2Kdd,aa
Coul no longer provides an approximate cancella-
tion of DA, i.e., when the difference (DA2Kdd,aa
Coul ) becomes
significantly positive. The precise form of the switching can
be further fine-tuned.
Due to the vanishing integralKda,da
Coul in the denominator,
~9! diverges whenfd and fa are localized on the distant
fragmentsD andA, respectively. The corresponding change
of the xc potential












also diverges, at least at the resonancev5vCT, for which
dPda(v) is not small.
IV. CT EXCITATION IN HeBe
In order to assess the effect off xc
asympof ~9!, vCT has been
calculated for the prototype diatomic system HeBe at various
separationsR(He–Be). We consider the CT excitation,
which is associated with an electron transfer from the 1s
HOAO of the He atom to the 2pp LUAO of the Be atom.
The referencevCT
CISD values have been obtained with CISD
calculations performed with the ATMOL package11 in the
augmented correlation-consistent polarized core-valence
5-zeta~aug-cc-pCV5Z! basis16 with all f andg functions ex-
cluded. The Davidson diagonalization procedure17 has been
employed within the ATMOL package to obtainvCT
CISD. In
Fig. 2 the calculated CISD curvevCT
CISD(R) is compared with
the TDDFT onevCT
SAOP–ALDA(R) obtained with the combina-
tion of the approximation of statistical averaging of~model!
orbital potentials~SAOP!6 for nxc and the ALDA f xc within
the ADF–RESPONSE package.18 The SAOP xc potential
nxc
SAOP has the correct long-range Coulombic asymptotics,
nxc
SAOP(r1)→21/ur1u at ur1u→` ~Ref. 19! and for prototype
small molecules it reproduces rather well the energies of
outer valence KS orbitals,20 although we will see that for the
1s of He it happens to make a rather large error.
In order to calculatevCT at largerR with f xc
asympvia ~8!
and ~9!, the required integralsKda,da
Coul , Kdd,aa
Coul are extracted
from the rather accurate KS solution obtained for HeBe with
the iterative LB procedure13,14 from the CISD electron den-
sity r. In Ref. 9 a relatively small negative valueABe
520.232 eV has been reported for Be. With this, the curve
vCT
asymp(R) is obtained with the asymptotically correct ener-
gies «d52I
He5224.59 eV and«a525.95 eV, the latter
energy being taken from the accurate KS solution for the Be
atom, and theD1
A-type estimate forDA, DBe'2«a10.23
56.18 eV. vCT
asymp(R) has been calculated with the valueK
50.014 eV for the parameterK in ~9!.
Figure 2 shows the qualitatively different behavior of the
TDDFT ~SAOP–ALDA! and CISD curvesvCT(R). The lat-
ter is the curve with the minimum atR'2.0 Å. vCT
CISD(R)
decreases sharply fromvCT
CISD(R51 Å)525.19 eV to the
minimal valuevCT
CISD(R52.0 Å)519.14 eV and then it in-
creases gradually to 23.74 eV atR510 Å. Contrary to this,
the curvevCT
SAOP–ALDA(R) demonstrates clearly a large un-
derestimation at largeR with standard TDDFT of the CT
excitation energy, as discussed in the preceding sections.
FIG. 2. The CT excitation energyvCT as a function ofR(He–Be) calculated
with SDCI, SAOP–ALDA, and withf xc
asymp.
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vCT
SAOP–ALDA(R) decreases monotonically withR ~see Fig. 2!
and it resemblesvCT
CISD(R) only in the regionR51 – 1.5 Å,
where there is a sizable He–Be interatomic interaction. Be-
yond this region,vCT
SAOP–ALDA(R) approaches rapidly the
SAOP zero-order asymptotic valuevCT
SAOP(0)516.08 eV.
This means that, in accordance with the analysis of the pre-
ceding section, the standard ALDAf xc in ~8! does not con-
tribute to vCT




SAOP(He)516.08 eV is substantially lower
than the accurate KS asymptotical value of 18.64 eV, due
mostly to failure of the SAOP potential to reproduce for the
orbital energy of the 1s He AO the required value2I He. The
He 1s AO is a case for which SAOP performs exceptionally
poorly, which may be related to the fact that this orbital
energy is substantially lower than typical energies of outer
valence orbitals, for which SAOP performs fairly well.20
The curvevCT
asymp(R) is calculated with the asymptoti-
cally correctedf xc
asympand the accurate KS orbital energies for
«2p(Be)2«1s(He). In contrast tovCT
SAOP–ALDA(R) it is close
to vCT
CISD(R) in the whole range ofR53 – 10 Å. In other
words, both the CISD calculations and the KS-asymp calcu-
lations, employing KS orbital energies and thef xc
asympof ~9!,
reproduce very well the correct Coulombic behavior of
vCT(R), which originates from the diminishing stabilization
21/R of the transferred electron by the remote hole. Then,
an adequate TDDFT description of CT excitations is ob-
tained with the combination of the proper TDDFT curve with
the adiabatic LDA approximation for the kernel atR
51 – 1.5 Å andvCT
asymp(R) at R53 – 10 Å. The implementa-
tion of this combined TDDFT approach requires a proper
interpolation between the ALDA xc kernel for compact sys-
tems and the presentf xc
asympfor weakly interacting fragments.
It can be achieved with further refinement of the correspond-
ing switching function, which is represented with the expo-
nential function in~9! with the parameterK. This refinement,
together with exploration of alternative switching functions,
will be presented in later work.
V. CONCLUSIONS
This paper addresses the problem of long-range CT ex-
citation energiesvCT, which are systematically underesti-
mated in the standard TDDFT. It is a fundamental feature of
the KS theory that there is in this case a leading correction to
vCT
TDDFT(0)5«a2«d , viz. the essentially positive difference
DA5«a
22«a between the energy«a
2 of the ‘‘extra’’ electron
in the HOMOfa of the anionic acceptor fragmentA
2 and
the energy«a of the ‘‘excited’’ electron in the LUMO of the
neutralA. In TDDFT this correctionDA to vCT
TDDFT(0) should
emerge from a divergent@at R→` andfd(r )fa(r )→0] xc
kernel f xc and this feature as well as the stabilization of the
excited electron with the remote hole is reproduced with the
function f xc
asympof ~9!.
The importance of thef xc
asympcorrection is demonstrated
with the calculation ofvCT(R) for the prototype diatomic
system HeBe at various separationsR(He–Be). While the
TDDFT vCT
SAOP–ALDA roughly resembles the benchmark
CISD curvevCT
CISD(R) in the regionR51 – 1.5 Å where a
sizable interatomic interaction exists between He and Be, but
fails badly at longer distances, the curveCT
KS-asymp(R) goes
close tovCT
CISD(R) for long-range CT atR53 – 10 Å. Then,
the adequate rigorous TDDFT approach should interpolate
between the adiabatic LDA/GGA xc kernel for excitations in
compact systems and the presentf xc
asymp for weakly interact-
ing fragments. Our results highlight once more the impor-
tance of using an approximation for the KS xc potential,
which would reproduce fairly well the orbital energies of the
accurate KS solution. Both at short and at long distance the
zero-order TDDFT contribution of just the orbital energy dif-
ference is the leading term in the excitation energy. In the
particular case of HeBe, the SAOP potential, which is usu-
ally reasonable for valence orbital energies, proved to be less
satisfactory due to a too high~not negative enough! He 1s
orbital energy. Because of the well-known much larger up-
shift of the orbital levels with the LDA/GGA potentials, one
can expect an even larger downward shift for the asymptotic
LDA/GGA–ALDA type of curves.
The correction of thef xc
asymptype should be applied in the
general case of an excitation, which involves weakly inter-
acting fragments with KS orbitals localized to a large extent
on the fragments. It has been noted21 that the anomalously
low excitation energy sometimes observed in TDDFT calcu-
lations on transition-metal complexes,22 seems to be related
to exactly this type of charge-transfer between spatially sepa-
rated ligands, and might therefore find a natural explanation
in the asymptotic error of the ALDAf xc , and hopefully be
remedied with the asymptotic correction proposed in this
work. In practice, the asymptotical correction~9! should be
added only to the diagonal elementsKib,ib of the coupling
matrix ~3!. This suggests to consider the following simple
approximate interpolation expression for the coupling matrix
Kib, jc5Kib, jc
ALDA 1d i j dbc exp~2Sii ,bb /S!
2





In ~12! Kib, jc
ALDA is the coupling matrix~3! with the stan-
dard LDA/GGA ALDA f xc and with the interelectron inter-
action operator 1/ur12r2u. Sii ,bb is the overlap integral be-
tween the orbital densities
Sii ,bb5E f i2~r1!fb2~r1!dr1 , ~13!
andRib is the ‘‘average distance’’ between these densities,
Rib5AXib2 1Yib2 1Zib2 , ~14!
Xib5E @f i2~r1!2fb2~r1!#x dr1 , ~15!
with analogous expressions forYib and Zib . The second
term on the right-hand side of~12! represents the CT correc-
tion to the diagonal elementsKib,ib , which ~in the case of a
sufficiently small parameterS! is switched on whenever the
overlap integral~13! becomes small. The quantityDA could
be obtained from a separate calculation on the anionic frag-
mentA2, or approximated from~7!, andRib plays the role
of the integralKdd,aa
Coul of ~9!, so that~12! does not require
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calculation of any two-electron integral. Further implemen-
tation and testing of the CT-corrected coupling matrix~12! is
required.
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